The -inhibitory peptide (ZIP) is considered a candidate inhibitor of the atypical protein kinase M (PKM). ZIP has been shown to reverse established LTP and disrupt several forms of long-term memory. However, recent studies have challenged the specificity of ZIP, as it was reported to exert its effect also in PKM knock-out mice. These results raise the question of what are the targets of ZIP that may underlie its effect on LTP and memory. Here we report that ZIP as well as its inactive analog, scrambled ZIP, induced a dose-dependent increase in spontaneous activity of neurons in dissociated cultures of rat hippocampus. This was followed by a sustained elevation of intracellular calcium concentration ([Ca 2ϩ ] i ) which could not be blocked by conventional channel blockers. Furthermore, ZIP caused an increase in frequency of mEPSCs followed by an increase in membrane noise in patch-clamped neurons both in culture and in acute brain slices. Finally, at 5-10 M, ZIP-induced excitotoxic death of the cultured neurons. Together, our results suggest that the potential contribution of cellular toxicity should be taken into account in interpretation of ZIP's effects on neuronal and behavioral plasticity.
Introduction
The atypical protein kinase C (PKC) consists of a C-terminal catalytic domain linked by a hinge region to an N-terminal regulatory domain, which includes an autoinhibitory pseudosubstrate sequence that can block the active site (Nishizuka, 1995) . PKM is a brain-specific isoform of PKC that lacks the regulatory domain, and is hence an "autonomously active" catalytic unit, capable of phosphorylating its substrates once activated by phosphoinositide-dependent protein kinase-1 (PDK1; Sacktor et al., 1993; Hernandez et al., 2003) . The myristoylated -inhibitory peptide (ZIP) is a synthetic cell-permeable inhibitor of PKM, originally designed based on the amino acid sequence of the endogenous PKC pseudosubstrate region (Laudanna et al., 1998) . Applying ZIP onto hippocampal slices has been shown to reduce established LTP (Sajikumar et al., 2005; Serrano et al., 2005) , suggested to occur through the specific inhibition of PKM-mediated increase in postsynaptic AMPARs (Ling et al., 2006) . Moreover, infusing ZIP into distinct brain regions such as the hippocampus, amygdala, insular cortex and sensorimotor cortex was reported to erase several forms of long-term memory, including spatial memory (Pastalkova et al., 2006; Serrano et al., 2008; Hardt et al., 2010) , fear conditioning Kwapis et al., 2012) , conditioned taste aversion (Shema et al., 2007 (Shema et al., , 2009 , and place avoidance (von Kraus et al., 2010) . PKM has also been directly implicated in memory persistence by demonstrating that alteration of its level, either by protein infusion or by overexpression, markedly affects long-term memory either proactively or retroactively (Drier et al., 2002; Shema et al., 2011; Xue et al., 2015) . The specificity of ZIP, however, has been questioned (Lisman, 2012; Wu-Zhang et al., 2012 ; but see . Volk et al. (2013) and Lee et al. (2013) reported that both constitutive and conditional PKC/PKM knock-out (KO) mice display normal hippocampal LTP and are able to form memories (Lee et al., 2013; Volk et al., 2013) . Furthermore, ZIP was reported to impair LTP and memory in PKC/PKM KO animals, suggesting a yet unknown mechanism of action, unrelated to PKM inhibition.
In the present study, we investigated the effects of ZIP on spontaneous activity and viability of cultured rat hippocampal neurons and acute slices, using confocal [Ca 2ϩ ] i imaging and patch-clamp recording. Our results suggest that myristoylated ZIP can destabilize the cell membrane in a dose-dependent man- ZIPs effect can be mimicked by scr-ZIP and chelerythrine but not by staurosporine. A, Calcium imaging sample traces of hippocampal cultures. Cells were initially imaged for baseline spontaneous activity, and then treated with vehicle (DMSO)/100 nM staurosporine/1 M Chelerythrine/5 M scr-ZIP; dashed line marks point of application. B, D, Bar graphs summarize total net change in event frequency (B) or mean ⌬F/F (D) of cultured neurons (n ϭ 14 coverslips, 134 cells, post-treatment vs baseline paired t test, ***p Ͻ 0.005). C, E, Chelerythrine increases event frequency and mean [Ca 2ϩ ] i in a dose-dependentmanner.Bargraphssummarizetotalnetchangeineventfrequency(C)ormean⌬F/F(E)ofculturedneurons(nϭ11coverslips,93cells,post-treatmentvsbaselinepairedttest,***pϽ0.005). ner, allowing calcium to flow into cells and ultimately lead to their excitotoxic death.
Materials and Methods

Primary brain cultures.
Experiments were approved by institutional animal care and use committee. Primary hippocampal neurons were prepared as previously detailed (Goldin et al., 2001) . Cells were grown in 5% CO 2 , 37°C incubator, with 10% HS in enriched MEM. Cultures were used for experiments at the age of 13-20 d in vitro (DIV).
Calcium Imaging. Cells were loaded with 2 M Fluo-4AM (Invitrogen) for 1 h in standard extracellular medium (in mM: 129 NaCl, 4 KCl, 1 MgCl 2 , 2 CaCl 2 , 10.5 glucose, 10 HEPES) and imaged on a stage of a Zeiss LSM 510 laser scanning confocal microscope, with a 40ϫ oil-immersion objective (1.3 NA). Imaging the cultures was performed with 488 nm light at an image rate of 2-5 frames per second. Sample recordings are presented as ⌬F/F units (⌬F/F ϭ F (t) ϪF (0) /F (0) ). The following chemicals were diluted into standard extracellular medium or DMSO: ZIP, Scr-ZIP, APV (10 M), DNQX (5 M), NiCl (50 M; Su et al., 2002) , bicuculline (10 M),TTX (1 M), chelerythrine (1 M), and staurosporine (100 nM) just before use. ZIP was obtained from three different suppliers, AnaSpec, QCB, and GL Biochem, all yielding similar results. It was prepared fresh from powder just before use, was easily soluble, and was not stored beyond the day of experiment.
Viability assay. Cell death of ZIP-treated primary neuronal cell cultures was quantified using Calcein-AM/propidium iodide (PI) staining assay. Cultures were initially loaded with 2 M Calcein-AM (SigmaAldrich) for 30 min, and imaged in 1.8 ml of standard medium in the presence of PI (2.5 M, Sigma-Aldrich). Two-channel images were acquired, where green (488 nm Electrophysiology in culture. Neurons in hippocampal cultures were recorded at 13-14 DIV as detailed previously (Goldin et al., 2001) . Neurons were recorded with patch pipettes. Spontaneous miniature EPSCs (mEPSCs) were recorded in medium containing 0.5 M TTX and 10 M bicuculline. Signals were amplified with MultiClamp 700B, recorded with pClamp9 (Molecular Devices) and analyzed with Minianalysis software (Synaptosoft). In the analysis the threshold for inclusion of mEPSCs was 7 pA, where noise RMS was ϳ1-2 pA. Events with a long rise or decay time (Ͼ10 m/s) were excluded. mEPSCs were not included when the membrane noise level increased so as to interfere with the detection. Thus, the number of mEPSCs is a conservative estimate of the total number of events.
Hippocampal slices. Slices were prepared from male Wistar rats (2-3 weeks of age) as detailed previously (Maggio and Segal, 2009 ). Slices were incubated for 1 h in carbogenated (5% CO 2 -95% O 2 ) artificial CSF (aCSF) at room temperature. The medium contained the following (in mM): 124 NaCl, 2 KCl, 26 NaHCO 3 , 1.24 KH 2 PO 4 , 2.5 CaCl 2 , 2 MgSO 4 , and 10 glucose, pH 7.4. CA1 pyramidal cells were recorded with patch pipettes containing the following (in mM): 136 K-gluconate, 10 KCl, 5 NaCl, 10 HEPES, 0.1 EGTA, 0.3 Na-GTP, 1 Mg-ATP, and 5 phosphocreatine, pH 7.2 (with a resistance of 5-10 M⍀). Signals were amplified with Axopatch 200B and recorded with PClamp-10 (Molecular Devices). Data were analyzed using Microsoft Excel 2010, Mini Analysis 6.0.3 and MATLAB R2013b.
Data analysis. Data were expressed as mean Ϯ SEM, and analyzed using Microsoft Excel 2010 and MATLAB R2013b. Statistical comparisons were made using t tests or ANOVA. Significance was set at *p Ͻ 0.05, **p Ͻ 0.01, and ***p Ͻ 0.005.
Results
ZIP induces an increase in rate of calcium transients followed by a sustained elevation of intracellular calcium in cultured neurons Neurons in culture express spontaneous network bursts that can be consistently monitored using calcium imaging methods. Previous slice and primary culture experiments used ZIP at a range of 1-5 M, whereas in vivo, ZIP has been infused into the brain at 0.5-1 l volume, reaching a concentration of 10 mM. We therefore applied ZIP at a range of 1-10 M to spontaneously active cultures, monitored for several minutes before drug application. At 1 M, ZIP caused a significant increase in spontaneous activity ( Fig. 1B-D ; from 1.6 Ϯ 0.33 to 4.3 Ϯ 0.78 events/min, paired t test, *p Ͻ 0.05). Concentrations Ͼ1 M produced a second phase, where the increase in spontaneous activity was replaced by a sustained elevation of [Ca 2ϩ ] i . (Fig. 1 A, D in both cases causes an increase in membrane noise, as well as an increase in rate of mEPSCs. C, D, Bar graphs summarizing the rate (C) and amplitudes (D) of spontaneous events recorded from a population of 11 cells, one in each glass, before and after exposure to ZIP. E, Noise distribution in a sample neuron before (black) and after exposure to ZIP (red). F-H, Similar summary diagrams of recording of five neurons exposed to Scr-ZIP. The rate of mEPSCs in both ZIP and Scr-Zip is significantly higher than in baseline conditions.
1B; 5 and 10 M net change in mean ⌬F/F 1.33 Ϯ 0.27 and 1.8 Ϯ 0.3, paired t test, **p Ͻ 0.01, ***p Ͻ 0.005, respectively), with no apparent recovery. To separate these two phases, for each cell trace, high-frequency calcium transients and low-frequency calcium waves were calculated for 1 min epochs (Fig. 1C) . When averaged across all cultures (n ϭ 50 dishes, 560 cells), 1-2 M is the concentration above which spontaneous calcium transients are replaced by sustained elevation of [Ca 2ϩ ] i (Fig. 1D ). This suggests that ZIP causes destabilization of the membrane, resulting in massive, irreversible rise of [Ca 2ϩ ]i, possibly leading to excitotoxic damage.
ZIP effect on calcium influx is mimicked by scr-ZIP and not affected by calcium channel blockers Scrambled ZIP (Scr-ZIP) is reported to have approximately an order of magnitude lower affinity for PKM compared with ZIP, and has been used as a control peptide (Pastalkova et al., 2006; Shema et al., 2007) . The effects of Scr-ZIP, as well as those of the nonselective PKC inhibitors chelerythrine and staurosporine, were measured in the cultures. At 1 M, Scr-ZIP produced a larger effect compared with ZIP on spontaneous activity (Fig.  2 A, B,D Fig. 2A ,C,F from 3.07 Ϯ 0.47 to 6.74 Ϯ 0.65 events/min and net change in mean ⌬F/F 1.01 Ϯ 0.14, ***p Ͻ 0.005). Finally, staurosporine, previously shown to have no effect either on late-LTP or behavior at 100 mM compared with ZIP (Ling et al., 2002; Pastalkova et al., 2006) , was ineffective with respect to spontaneous activity or [Ca 2ϩ ] i (Fig. 2 A, B,D) . Calcium ions can enter neurons through multiple types of channels and receptors (Higley and Sabatini, 2008) . To determine the involvement of calcium channels in the observed aberrant [Ca 2ϩ ] i , a mixture of channel blockers, including TTX, Ni 2ϩ , APV, bicuculline, and DNQX was applied before ZIP application. These channel antagonists could not prevent [Ca 2ϩ ] i elevation, indicating that none of the blocked channels or receptors are involved in calcium entry (Fig. 3 A, C, E, F; net change in mean ⌬F/F 1.84 Ϯ 0.36, paired t test, ***p Ͻ 0.005), and implying a different membrane-dependent mechanism through which ZIP exerts its action. To evaluate the involvement of [Ca 2ϩ ] i stores in calcium elevation, cultures were placed in calcium free medium and in the presence of the calcium chelator EGTA. Under these conditions synaptic activity is blocked and [Ca 2ϩ ] i elevation does not occur after treatment with 5 M ZIP, ruling out an intracellular source of calcium. However, restoring the culture to a standard external media, was immediately followed by a sharp elevation in [Ca 2ϩ ] i in ZIP-treated cells (Fig. 3B, bottom ; net change in mean ⌬F/F 1.32 Ϯ 0.26, paired t test, ***p Ͻ 0.005), indicative of a destabilized membrane. Activity of vehicle-treated cultures was restored and even elevated due to possible homeostatic mechanisms (Fig. 3B, top, D) .
ZIP increases spontaneous activity and membrane noise
To further validate the imaging findings, the effects of ZIP (2-5 M) were tested in 11 voltage-clamped cultured neurons, one cell per dish. Initially, the cell was clamped at Ϫ60 mV, in presence of TTX in the medium so as to record spontaneous mEPSCs. Stable recordings were made for a period of 2 min, after which ZIP was added to the medium (Fig. 4) . Recording was continued for up to 12 min or was terminated sooner if the cell was 'lost'. It is noteworthy that in standard conditions cells can easily be recorded for Ͼ12 min with no sign of deterioration of membrane properties. In all the cells tested with ZIP, following a variable delay (between 1 and 6 min), the cell increased production of mEPSCs (Fig. 4C ) from 86.4 Ϯ 21 to 211 Ϯ 54 events per minute (t test, paired comparison, p Ͻ 0.01), without a change in mean amplitude of these events (Fig. 4 D, E) . Subsequently, membrane noise increased significantly in all of the recorded neurons (Fig. 3E) to the extent that no clear mEPSC events could be identified. The instability of the membrane continued until the current required for holding the membrane at Ϫ60 mV increase above Ϫ200 pA, at which time recording was terminated. A similar series of experiments was conducted with five neurons (1 per dish) exposed to 5 M scr-ZIP (Fig. 4B, F-H ) . In all of them, a significant increase in spontaneous mEPSCs ( p Ͻ 0.01), was followed by an increase in membrane noise and loss of stable recording (Fig. 4 B, F-H ) .
We then investigated the effect of 10 M ZIP on spontaneous activity in six acute brain slices of 2-to 3-week-old rats, using patch-clamp recordings from CA1 pyramidal neurons. Similar to cultures, ZIP induced an increase in the number of sEPSCs recorded from neurons ( Fig. 5E ; from 26.7 Ϯ 7.6 to 65.3 Ϯ 13.3 events per minute, paired t test, p Ͻ 0.005, n ϭ 5), reflecting an overall rise in network activity. Enhanced frequency was subsequently followed by a dramatic elevation of membrane noise level (Fig. 5C ). The amplitude of sEPSCs was unaltered. These results indicate that exposure to ZIP caused the cells to increase their spontaneous activity. This phase was gradually replaced by an overall instability of the membrane, reflected by an increase in membrane noise levels. Together these results corroborate in the slice the data acquired with primary cultures.
ZIP induces rapid cell death in a dose-dependent manner
Following the demonstration that ZIPinduces [Ca 2ϩ ] i elevation and an increase in membrane noise, we hypothesized that this will eventually lead to changes in cell viability. To this end, a viability assay (Slepian et al., 1996) was used. In this assay, the cell-permeant Calcein-AM is converted into its highly fluorescent Calcein form through intracellular esterase activity, indicating that the cell is viable. PI is excluded from intact cell membranes, and only intercalates into the DNA of damaged cells, resulting in a dramatic increase in its fluorescence (Fig. 6A) .
We observed no significant cell death within 85 min posttreatment with either a vehicle or 1-2 M ZIP, although morphological changes such as cell swelling and dendritic blebbing were evident with 2 M ZIP, indicative of cellular stress (Trump and Berezesky, 1996) . A substantial decrease is culture viability took place within minutes of exposure to 5 M and even more so with 10 M ZIP (Fig. 6 B, C; 67.38 Ϯ 4.85% and 20.58 Ϯ 3.67% respectively, t test, ***p Ͻ 0.005). Thus, ZIP induces cell death in primary hippocampal cultures in a dose-dependent manner Ͼ1-2 M ZIP, subsequent to elevation of [Ca 2ϩ ] i . Additionally, although not quantified in our experiments, the feeder glial layer present in the culture demonstrated similar cellular stress and damage, further implying a mechanism unrelated to the kinase inhibition, as glia cells do not express PKM (Hirai et al., 2003) . Similar results were obtained using scr-ZIP ( Fig. 6D; 65 .17 Ϯ 6.7% and 21.34 Ϯ 4.19%, respectively, paired t test, ***p Ͻ 0.005). Together, these results indicate that in addition to an increase in spontaneous activity followed by a sustained elevation of [Ca 2ϩ ] i , ZIP causes a deterioration of cell membrane integrity leading to extensive death of primary neurons in culture.
Discussion
We demonstrate that spontaneous activity of primary cultures is enhanced by ZIP applied at a concentration equal to or lower than what has been used previously. Furthermore, a dosedependent elevation of [Ca 2ϩ ] i was seen following application of ZIP. These effects could not be blocked by conventional channel blockers, and were mimicked by scr-ZIP and a second PKC inhibitor, chelerythrine. Finally, a fast and dose-dependent deterioration of culture viability followed exposure to ZIP.
We hence show that neuronal activity is dramatically increased by ZIP application, and that a second dose-dependent phase, characterized by a sustained elevation of [Ca 2ϩ ] i quickly follows. We observed a threshold concentration for these effects, 1-2 M, at which a transition occurs between increased spontaneous activity and sustained elevation of [Ca 2ϩ ] i (Fig. 1) . The frequency of mEPSCs was also increased by ZIP, followed by elevation of membrane noise to the point where mEPSCs could not be distinguished above noise level (Fig. 4) . This transient increase in mEPSCs may result from local changes in excitability of presynaptic or postsynaptic terminals, and reflect an increase in network activity. Additionally, ZIP increased sEPSCs frequency in patched pyramidal neurons in slices, which was followed by a dramatic increase in membrane noise (Fig. 5) . Acute slices are closer than primary cultures to the in vivo situation. These results raise the possibility that responses similar to those detected by us in culture and slice may also occur in the brains of behaving animals infused with ZIP.
In addition to demonstrating ZIP-induced LTP reversal on slices produced from PKC/PKM knock-out mice, Volk et al. (2013) also reported ZIP effect on LTP to be dose-dependent, with 1 M producing no change in LTP maintenance or baseline transmission, 2-2.5 M producing effective reversal below baseline in half the cases and 5 M reversing LTP below baseline in all cases. Together with our results, reversal of LTP (Serrano et al., 2005; Pastalkova et al., 2006; Volk et al., 2013) may result from a depotentiation-like process, where an increase in spontaneous activity, equivalent to stimulation at low rate (a standard means for inducing LTD or depotentiation) can suppress LTP (Mulkey and Malenka, 1992) .
Scr-ZIP, reported not to block memory in vivo (Pastalkova et al., 2006; Shema et al., 2007) , mimicked the effects of ZIP in our experiments. The PKC inhibitor Chelerythrine produced an increase in frequency, similarly to ZIP. Staurosporine did not produce any of the changes mentioned. These results hence show that ZIP and chelerythrine, two molecules shown to reverse LTP and behavior (Ling et al., 2002; Pastalkova et al., 2006; , act similarly by increasing spontaneous activity and [Ca 2ϩ ] i in primary cultures. Abnormally high concentration of calcium in the cytoplasmic compartment is toxic and may lead to necrosis via activation of catabolic pathways (Kass and Orrenius, 1999; Berridge et al., 2000) . Lim et al. (2008) reported a dose-dependent elevation of [Ca 2ϩ ] i in response to ZIP application onto human mast cells (HMC-1), which quickly led to cell degranulation. Using a viability assay (Fig. 6) , we show that ZIP produced a rapid dosedependent cell death. These events occurred primarily at 5 M and above. Lower ZIP concentrations produced detectible morphological changes, including cell swelling and dendritic beading, similarly to those expected in excitotoxic stress (Park et al., 1996; Ikegaya et al., 2001 ).
The concentration of ZIP following diffusion in in vivo experiments has been debated (Lisman, 2012; ). An injection of 10 mM ZIP solution has been used in most of the behavioral studies, assuming a gradient to a concentration of 5 M (Sacktor and Fenton, 2012) at the site of action, which however, was estimated to be 100 M by Lisman, (2012). The larger complexity and internal milieu in situ notwithstanding, our results in culture and in slice suggest that an injection of a 10 mM solution is expected to cause an elevation of firing rate, an increase in membrane noise and [Ca 2ϩ ] i , and ultimately cause cell death near the injection site, all of which may contribute to memory loss. Since ZIP-induced amnesia was reported to still leave the affected brain system capable of relearning the same task, the possibility cannot be excluded that the long-term memory encoding cells are preferentially targeted by ZIP in vivo, or that only part of the circuit required for encoding and memory is affected, resulting in graceful degradation of the circuit and leaving parts of it capable of relearning.
In attempting to interpret our results, one should consider the molecular structure of ZIP and its similarity to bacterial and synthetic lipopeptides, which consist of four to five positive amino acid residues and are attached to a lipid moiety that compensates for the short amino acid chain and allows them to permeate the plasma membrane (Makovitzki et al., 2006) . Also, this may explain why ZIP and Scr-ZIP both induce increased activity and cell death, as only the order, but not the amino acid composition of the peptide is changed. In that respect it is worth noting that another drug used for studying LTP and behavior, chelerythrine, has been shown to have antibacterial properties, and cause cell death (Yamamoto et al., 2001) .
ZIP was reported not to alter in vivo the rat-evoked EPSPs of dentate gyrus neurons to perforant path stimulation, although the published records show a complete blockade of population spikes by ZIP (Pastalkova et al., 2006) and CA1 single-cell firing up to a day after injection (Barry et al., 2012) . The possibility should be considered that multiple effects of ZIP are favored differentially in different preparations. Furthermore, it is of note that the evidence for the involvement of PKM in long-term memory is not based solely on the use of ZIP, though many studies do conclude that PKM is involved because of the effect of ZIP. Established long-term memory was enhanced or blocked, respectively, by overexpression of the PKM gene or of the dominant-negative version of it at least 1 week after learning was established (Shema et al., 2011) . These findings, combined with our current report, call for further investigation of cellular targets of ZIP in situ, and particularly its relevance to PKM and memory.
